Inactivation rates of three bovine and several primate-origin rotaviruses were determined during exposure to acid buffers at pH 2.0, pH 3.0 or pH 4.0. Each rotavirus was inactivated at pH 2-0 (the acidity most resembling the normal fasting stomach) very rapidly, with half-lives for infectivity determined to be 1 min or less. Each rotavirus was inactivated at a much slower rate at pH 3-0; inactivation at pH 4-0 was minimal. No remarkable differences in acid resistance between different rotavirus strains were detected. Although these determinations were performed at room temperature (23 °C), experiments at diverse temperatures indicated an even more rapid rate of viral inactivation by acid at normal body temperature (37 °C). Studies of rotavirus exposed to natural human gastric juice at pH 1.8 or pH 2.1 revealed a rate of virus inactivation similar to that observed with glycine buffer of identical pH.
Rotaviruses are double-stranded RNA segmented genome viruses of the family Reoviridae (Estes et al., 1983; Barnett, 1983) . Rotaviruses have been implicated as the major cause of viral gastroenteritis in human infants (Barnett, 1983) and have also been implicated in the causation of neonatal gastroenteritis in most common species of domestic animals including poultry (Estes et al., 1983) .
Natural transmission of rotavirus is assumed to occur by the faecal-oral route; oral immunization of cattle with attenuated bovine rotavirus strain neonatal calf diarrhoea virus (NCDV) has been performed for over a decade (Mebus et al., 1973) and oral vaccine trials with an NCDV-derived bovine rotavirus (strain RIT 4237) have recently been reported in human infants (Vesikari et al., 1983 (Vesikari et al., , 1984a . Vesikari et al. (1984b) recently reported that strain RIT 4237 virus is rapidly inactivated at pH 1.5 and suggested that increased success in eliciting a specific immune response to this virus followed 'neutralization' of stomach acidity by prior treatment of the stomachs of infants with infant formula or diluted milk. Other published data on acid inactivation of rotavirus, however, are limited and anecdotal in nature (Rodger et al., 1977; Estes et al., 1979; Malherbe & Strickland-Cholmley, 1969) .
The ability of live rotavirus vaccine to retain viability during transit through the acid environment of the stomach or abomasum may have a profound effect on its efficacy in inducing protective antibodies. Therefore, we have compared the rates of acid inactivation of three bovine rotaviruses (two of which are human vaccine candidates) and of several primate-origin rotaviruses at pH 2-0, which is commonly encountered in the stomach (Mayes, 1983) or abomasum (Hill et al., 1970; Dukes, 1955) , and at pH 3-0 and pH 4.0. Sensitivity of several of these viruses to inactivation by natural human gastric fluids was also determined.
Bovine rotavirus vaccine strain NCDV was obtained from Dr R. Yolken, Baltimore, Md., U.S.A. The Canadian bovine rotavirus strain C486 (Babiuk et al., 1977) was obtained from the American Type Culture Collection (ATCC VR 917). Bovine rotavirus strain WC3 was isolated in this laboratory from a Pennsylvania calf with diarrhoea in 1981. WC3 virus exhibits a one-0000-6687©1985 SGM way cross-reaction with NCDV in the serum neutralization test (antiserum to NCDV neutralizes the WC3 virus completely, but antiserum to WC3 virus distinguishes WC3 virus from NCDV and C486 viruses); WC3 is readily distinguished from NCDV and C486 virus by its distinct RNA genome electropherotype and by its failure to haemagglutinate primate erythrocytes at pH 7-0. We are currently evaluating WC3 virus as a potential rotavirus vaccine in trials in human infants.
Four strains of primate-origin rotavirus were studied. The prototype human serotype 1 rotavirus strain Wa (Wyatt et al., 1980) was kindly provided by Dr R. Wyatt, NIH, Bethesda, Md., U.S.A. Simian-origin serotype 3 rotaviruses of strains SAll (Malherbe & StricklandCholmley, 1969 ) and rhesus rotavirus (RRV) (Stuker et al., 1980) were obtained from Dr H. Malherbe, San Antonio, Tx., U.S.A., and from the American Type Culture Collection, respectively (RRV is ATCC VR 954). Rotavirus strain WI61 was isolated from a human infant in this laboratory in 1983 (H F. Clark, unpublished observations): strain WI61 is currently not identified as to serotype.
Viruses were propagated in foetal African green monkey cell line MA-104. Cell cultures were infected at an input m.o.i, of 0.1 to 1.0 and fed with serum-free medium containing 13 ~tg/ml trypsin (Flow Laboratories). When c.p.e, included >~75~ of the cell monolayer, cultures were harvested by a single cycle of freezing and thawing. Cell debris was removed by centrifugation for 30 min at 1500 g. Plaque assay was performed as described previously (Offit et al., 1983) .
For determination of acid-inactivation rates, a glycine buffer was made up which when mixed with an equal volume of viral suspension gave a final pH of either 2, 3 or 4. Three mixtures of a 1:1 dilution of glycine buffer and of medium used to make the viral suspension were tested before each trial, and were consistent to within 0.1 pH units. The dilution medium was BHK medium (Macpherson & Stoker, 1962) containing no serum supplement. Virus-acid samples were rapidly mixed and incubated at room temperature for selected time intervals after which they were neutralized by addition of 0.2 M-NaOH solution. The pH of this final mixture was tested for neutrality with hydrion pH paper.
For studies with gastric juice, the virus was diluted 1 : 10 in undiluted gastric juice. At the same time, the virus was diluted 1:10 directly in the glycine buffer. The rest of the procedure was as described above. One sample of gastric juice was obtained during endoscopy of a patient at The Veteran's Hospital, Philadelphia, Pa., U.S.A., and adjusted to pH 1.8 by addition of 1 M-HC1. A second sample (pH 1.8) was obtained by gastric intubation of one of the authors (H.F.C.). A third sample was obtained during endoscopy of a patient at The Hospital of the University of Pennsylvania (pH 2.1).
To ensure that the heat of reaction of the OH-and H + ions, or any momentary localized high concentration of OH-ions did not have any effect on the virus, two inactivation experiments were run simultaneously at pH 2.1, diluting the virus to neutrality in one case and neutralizing the virus with 0-2 M-NaOH in another. No differences were seen.
In a single experiment, the inactivation of WC3 virus at pH 3.0 was determined in parallel at incubation temperatures of 4 °C, 23 °C and 37 °C. Neutral virus diluent control mixtures suspended in BHK medium at pH 7-0 were included in each experiment.
Residual virus infectivity titres were determined at various intervals by plaque assay and graphically plotted against the time of exposure to acid. The slope of the inactivation curve was determined using the least square method to calculate the coefficients in the linear equation: y = Ax + B, where A is slope, nXxy -XxXy/nXx 2 -(Xx) 2. The formula was applied to all experimental data points obtained during the first 90 min of observation. Virus half-lives for survival of infectivity were determined from the calculated slopes of the inactivation curves.
The results of a typical experiment comparing the acid sensitivity of three strains of bovine rotavirus are shown in Fig. 1 . Each bovine rotavirus was inactivated at a similar very rapid rate at pH 2-0; half-lives for retention of infectivity were less than 1 min. Each virus was also inactivated by exposure to pH 3.0, but half-lives were considerably longer and minor differences between rotavirus strains were observed. The viruses were inactivated very slowly at pH 4.0 with half-lives of several hours. No detectable decrease in infectivity was detected in rotavirus control mixtures maintained at pH 7.0 for up to 24 h (data not shown). Comparative data on the acid inactivation rates of bovine and primate rotaviruses under the same pH conditions are listed in Table 1 . Inactivation rates at pH 2.0 were similarly rapid with all viruses tested and were reproducible from experiment to experiment. All viruses were also inactivated by exposure to pH 3.0, although rates varied somewhat between viruses and between replicate experiments with the same virus strain. There was a suggestion that the simian rotaviruses might be slightly more stable at pH 3.0 than the bovine and human viruses studied; no inactivation of simian virus SA11 was detected at pH 4.0, It was considered possible that our glycine buffers did not accurately reflect intragastric conditions characterized by a mixture of enzymic and other secretions in addition to hydrogen ions. Therefore the gastric juice of volunteers determined to possess a pH of 1.8 or 2.1 was tested in an identical manner against four rotavirus strains (Table 2) . Each strain (one bovine, two simian and one human) was inactivated with a half-life of 60 s or less, which was very similar to that detected with glycine buffer ofpH 2.0 (Table 1 ). In the same experiment bovine rotavirus of strain WC3 was simultaneously reacted with gastric juice of pH 1.8, with a more alkaline gastric juice (of another volunteer) experimentally adjusted to pH 1.8, and with glycine buffer of pH 1.8. Again, inactivation rates were very similar with acid buffer and either gastric juice preparation.
All of the above-mentioned acid inactivation determinations were performed at room temperature (23 °C). To determine the influence of normal body temperature on the acid inactivation rate, a preparation of WC3 bovine rotavirus was reacted with glycine buffer at a final pH of 3.0 at temperatures of 37 °C, 23 °C, and 4 °C. The half-lives measured for infectivity were: 37 °C, <~ 5.2 min; 30 °C, 30.0 min; 4 °C, > 24 h. Therefore, the rate of inactivation in the stomach is actually underestimated in our results obtained at 23 °C since rotavirus is inactivated by acid much more rapidly at 37 °C (body temperature). Comparison of rotavirus lability in gastric juice with the lability noted in our buffer solution indicated that our results are not anomalous. Acidic (pH 2.0) gastric juice inactivated rotavirus at a rate closely similar to that observed in acidic buffers of identical pH.
Our results are not directly comparable with other studies because of methodological differences. However, they do confirm the observations of Vesikari et al. (1984b) , which show RIT 4237 to be stable above pH 4.0, slowly inactivated at pH 3.0, and rapidly inactivated at pH ~< 2.0. They also confirm reports that SA11 is unstable at pH 3.0 (Estes et al., 1979; Malherbe & Strickland-Cholmley, 1969; Rodger et al., 1977) .
In comparison of acid lability of rotavirus with other genera of the family Reoviridae, rotavirus appears to be most similar to reovirus. Reoviruses have been reported to be stable at pH 3-0 (Borden et al., 1971; Stanley, 1967; Wallis et al., 1964) , but in the only published direct comparison of reovirus (type I) and rotavirus (SA11) both were inactivated at the same rate at pH 3.5. Rotaviruses are clearly more acid-stable than orbiviruses which are inactivated at pH <6.3 (Owen, 1964; Ozawa, 1968; Carley & Standfast, 1969) .
Slight differences in the acid lability of rotavirus strains observed in this study would not appear to explain differences in pathogenicity among different rotavirus strains. The highly attenuated bovine strains NCDV (Mebus et al., 1973) and WC3 (Clark et al., 1985) are inactivated at pH 2.0 at rates very similar to those observed with all other rotaviruses included in this study. In comparable studies of the porcine transmissible gastroenteritis coronavirus, it has been reported that some, but not all, attenuated viruses exhibited enhanced lability at pH 3.0 when compared to virulent viruses (Hess & Bachmann, 1976) .
It is not clear how rotaviruses, given their acid lability, are nevertheless so efficient in causing virtually ubiquitous infection in mammals (Estes et al., 1983) , many of which have a range of gastric pH values from 1 to 2 (Mayes, 1983; Dukes, 1955; Hill etal., 1970) . However, the human infant stomach may be somewhat more permissive for survival of rotavirus than the adult stomach, as infant gastric pH levels tend to be approx. 3.2 (Gryboski & Walker, 1983) compared with adults at approximately 1.0 (Mayes, 1983). This could account for the fact that 60 to 90~ of reported human rotavirus disease occurs in children below the age of 3 years (Barnett, 1983) . The fact that the pH within the stomach remains above 3 for at least 1 h after eating a meal might also help to explain the efficient transmission of rotavirus in mammals (Feldman & Richardson, 1981) . Nevertheless, the possibility that rotavirus vaccination efficiency may be increased by either selection of acid-resistant variant virus populations or by artificially neutralizing stomach acidity prior to administration of vaccine merits further study.
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